ACID-BASE PHYSIOLOGY is an integral part of the teaching of physiology in a first-year medical education curriculum. At this level, the content typically includes a discussion of the CO 2 -bicarbonate buffer system under physiological conditions, a discussion of the other physiologically important buffer systems, and a presentation of the physiological classifications of acid-base disorders. The disorders are typically illustrated with examples of clinical findings.
In recent years, there has been increasing emphasis in medical education programs to incorporate active learning (1, 4, 8, 9, 11, 14, 19) and independent, self-directed learning (2, 15, 16) . The inclusion of active learning and self-directed learning activities are mandatory components of undergraduate medical education accreditation standards (12) . Computerassisted instruction, often called "e-learning," is potentially well suited as a platform to address these contemporary instructional interests (18) . However, currently, the great majority of computerized resources for medical education are passive learning activities. These include recorded lectures (podcasts), electronic textbooks, PowerPoint presentations, and course notes. Some efforts are underway to develop more interactive multimedia instruction in physiology, including a recent report of a multimedia e-learning resource for clinical instruction in electrolyte and acid-base disorders (6) .
Tablet and laptop computers are now exceptionally powerful resources that can be used for the robust multimedia presentation of physiological concepts. To achieve a highly interactive, active learning experience for the student, considerable programming is required by the instructor or the instructional programming team. In the past few years, menu-driven, graphical interface, instructional authoring software has become available. These programming platforms now allow an individual instructor to create interactive multimedia instruction in the academic setting, without reliance upon costly programming assistance.
This report describes the development and student use of interactive multimedia instruction in acid-base physiology for first-year medical students. 1 The entire project was programmed and implemented solely by the author. The resulting instructional modules were very well received by the students. Students cited the interactive, active learning features of the instruction as the most important aspect of the presentation.
METHODS
Authoring software. The computer-assisted instruction was implemented using the authoring software AppCobra, developed by Kookaburra Studios (Capalaba, Queensland, Australia; www.appcobra. com). This software has numerous features highly suitable for the implementation of interactive computer learning in an academic setting. The user interface is entirely menu driven and does not require line-by-line programming, although this feature is available as an application programming interface for more sophisticated applications. For this implementation, no line-by-line coding was required.
The AppCobra software exported the finished applications in fully HTML5-compatible format. This means that the instructional modules could be viewed by the learner using a variety of mobile computing devices, such as the iPad tablet. Alternatively, the modules could be viewed using traditional laptop and desktop computer systems with standard internet browsers. At the University of California-Irvine School of Medicine, all first-year medical students are provided with iPad tablet computers upon entry. This mobile computing resource is made possible by a generous donation from the John and Mary Tu Scholarship Fund. For this reason, the instructional modules were designed primarily for use with the iPad platform. Each screen of each module was implemented with 1024 ϫ 640-pixel resolution in landscape orientation. On the iPad, this allowed for viewing a full screen of information using the Safari browser, with up to three lines of browser menu bars, without any vertical scrolling.
Server platform and other institutional services. The project produced a total of 8 instructional modules and 3 question-and-answer review modules, each with ϳ20 screens of information. The servers for hosting the modules were provided by the University of California-Irvine Educational Electronic Environment system (EEE), which is supported by the campus Office of Information Technology (eee. uci.edu). EEE is the campus electronic course management system.
Several resources offered by EEE were essential for the successful implementation of the project. Website creation for the instructional modules was fully automated and did not require programmer assistance. User access to the instructional modules could be restricted either by password (chosen for this project) or by domain. Uploading of the instructional modules to the EEE servers was by a secure file transfer protocol from the author's office desktop computer. Typical of webpage programming, individual objects (graphs, text, symbols, and drawing objects) were each a separate file. As a result, each module consisted of several hundred files. With menu-driven secure file transfer protocol software (FileZilla), an entire instructional module could be uploaded in under 10 s from the author's desktop computer to the EEE server. This rapid transfer capability was exceptionally important during the development and testing process.
EEE also provided the resources for the menu-driven creation of an online survey. At the end of the instruction in respiratory/renal/acidbase physiology, students were asked to complete an eight-question survey about the online instruction in acid-base physiology. Students were also asked to enter any comments they wished to make about the online instruction. The EEE survey system collected the responses and presented the distributions of student responses as bar graphs.
Data collection involving students consisted of 1) recording the number of times each instructional module was accessed on a daily basis ("hit counters") and 2) electronic data collection of the student responses to the online survey. In both cases, the information was recorded anonymously, and no data item that was collected could be associated with an individual identifiable student. These data collection procedures were reviewed administratively by an Institutional Review Board analyst at the University of CaliforniaIrvine Human Research Protections office. The review confirmed that the data were collected anonymously and could not be related to identifiable human subjects. No further Institutional Review Board review was required.
RESULTS

Organization of content.
In previous years, the author was responsible for the teaching of acid-base physiology for the first-year medical school physiology course. The instruction consisted of three classroom lecture hours on the subjects of 1) the CO 2 -bicarbonate buffer system, 2) buffer systems other than the CO 2 -bicarbonate buffer system, and 3) physiological classifications of acid-base disorders.
The three traditional classroom lectures were replaced with 3 online interactive learning modules, each with ϳ20 full screens of content. Table 1 shows the specific topics covered in each of the learning modules. Review questions and answers for the three learning modules were implemented as three separate, stand-alone modules. For the CO 2 -bicarbonate module and the other buffer systems module, the reviews consisted of five questions, usually from old exams. For the acid-base disorder module, in addition to old exam questions, the review contained multiple screens where the learner was asked to identify the primary acid-base disorder and the appropriate compensation, given arterial blood chemistry values of pH, bicarbonate, and arterial PCO 2 .
Five modules were implemented, where each module was a clinical case study of an acid-base disorder. All were developed from cases reported in the clinical literature. The purpose of the case studies was not to teach diagnosis and treatment. The diagnosis was given, and, while the treatment was discussed in the case, that was only for information purposes. Instead, the purpose of each study was to demonstrate that the literature cases are best understood by relating the clinical findings to the concepts the students learn in first-year respiratory, renal, and acid-base physiology. In medical education, this instruction is usually referred to as clinical correlation. Each case described in the literature provided a wealth of opportunities to show the importance of physiological concepts to the understanding of the clinical findings. The specific acid-base disorders and the physiological concepts discussed in each case are shown in detail in Table 2 .
Interactivity. For the three learning modules (Table 1) , it was found that the most educationally important interactive learning was the step-by-step presentation of a complex concept that could be illustrated graphically. An example of this type of interactive instruction is shown in Fig. 1 . Toward the end of the second module (buffer systems other than the CO 2 -bicarbonate system), the learner was presented with a step-by-step time Figure 1 also shows the multiple navigation features of the modules, which permitted significant learner control of the direction, sequence, and pace of the learning process. Each learning module consisted of ϳ20 pages (screens) of instruction, with the current page number shown in the upper bar. The subtopic under consideration is also shown on the upper bar. The lower bar contains buttons for forward/back one page and for exiting to the main menu of modules. For the iPad, forward and back single page swiping was also implemented. Finally, touching the thumbnails button displays a panel of thumbnails of all pages of the module. The user could touch the thumbnail button again to return the same screen or touch an individual thumbnail to go directly to that page.
For the case studies, the interactivity consisted primarily of step-by-step question and answer. These question-and-answer screens guided the learner through the various features of the clinical case. In the process, the question-and-answer exercise provided an extensive review of the various respiratory, renal, and acid-base physiology concepts relevant to that case. Figure 2 shows an example, in a case of asthma, of the interactivity. On this screen, learner is presented with the arterial blood chemistry. The learner is asked to place the value of pH and bicarbonate observed in this case on the pH-bicarbonate diagram, identify the primary acid-base disorder (respiratory alkalosis), identify the compensation that is occurring (none), and submit the answer. The program then responds by either saying that the answer is correct and moving to the next page or asking the learner to try again. Student use and performance. The instructional modules were introduced to the students in a 20-min lecture hall presentation, as part of a lecture in respiratory physiology (CO 2 as a blood gas). Students were given a brief overview of e-learning as an instructional science and were shown how to access the acid-base online instruction using the campus EEE course management system. This presentation took place 3 wk before the exam that covered the subject matter of respiratory, renal, and acid-base physiology. Students were informed that the previously scheduled classroom lectures in acid-base physiology (scheduled for ϳ1 wk before the exam) were cancelled. All acid-base physiology was to be learned online and would involve 14% of the examination. The learning modules were allocated three points each on the exam. Each clinical case was allocated one point. The clinical case questions were straightforward and central to the case: to see if the students had studied the case at all.
Use of the instructional modules was monitored by counting the number of times each module was accessed (hit counters) per day. The total numbers of hits each day for the 3-wk period between the introduction and examination are shown in Fig. 3 . No views for any of the modules were recorded during the first week after the in-class presentation described above. Some activity was observed ϳ1 wk before the scheduled examination, during the time period where the classroom lectures had been previously scheduled.
The examination was scheduled for a Tuesday morning after a 3-day weekend. Most of the use of the acid-base online modules occurred during the 4-day period (Friday through Monday) before the exam. Twice as many hits were recorded during the final day before the exam compared with any other day. On a per student basis, the viewing of the three learning modules was 2.0 hits per module per student, with 58% of the hits occurring during the 4-day period before the exam. The viewing of the clinical cases was 1.3 hits per student for each case, with 75% of the hits occurring during the 4-day period before the exam. Students viewed the first two cases more than the last three cases. The views of the last three clinical cases were 1.0 hits per case per student. Given the likelihood that at least some students accessed a clinical case more than once, it was evident that a significant number of students did not view several of the clinical cases.
The average score on the respiratory/renal/acid-base exam was 77% correct answers (100 points total). The average score for the questions for the three acid-base learning modules (9 points total) was 78%. The average score for the clinical case questions (5 points total) was 62%, confirming the likelihood that many students did not take the time to study the clinical cases.
Results of the student survey. After the exam, students were invited to complete the survey concerning the online instruction; 56 of the 106 enrolled medical students completed the survey. Table 3 shows the responses of the students to the eight multiple-choice questions on the survey. Several of the responses were somewhat unexpected. First, despite the fact that all students are provided with iPad tablet computers upon entry to medical school, less than half of the students used the iPad for online instruction. Many students preferred the greater versatility of laptop and desktop computers. Second, students strongly preferred to study the content on their own rather than in group study. Third, students were overwhelmingly favorable of the interactive aspect of the online instruction. Fourth, students indicated that it took less time to master the required content with online instruction compared with lecture hall instruction. Finally, students strongly preferred the online in- Fig. 2 . Screen of information regarding a clinical case of asthma. The interactivities asked of the student are to 1) touch the location on the graph to indicate the location of the clinical values of pH and bicarbonate on the pH-bicarbonate diagram, 2) identify the primary acid-base disorder, and 3) identify the compensation that is occurring in response to the primary acidbase disorder. Pa CO 2 , arterial PCO 2 ; Pa O 2 , arterial PO 2 . Fig. 3 . Views per day ("hits") for all acid-base computer-assisted instruction modules. Values are the number of hits per day for all 11 modules (3 learning modules, 3 associated question-and-answer modules, and 5 clinical cases). The first day ("Introduction") corresponds to the day that students were instructed in class how to access and use the computer-assisted instruction. "Previously scheduled lectures" indicates the 2 days of acid-base physiology lectures that were cancelled and replaced with the computer-assisted instruction. The last day is the 24-h period before the Tuesday morning exam in respiratory, renal, and acid-base physiology. struction compared with learning the subject matter by classroom lecture, textbook learning, or small-group discussion.
In addition to the multiple-choice survey questions, students were asked to "make any comments they would like about the online instruction in acid-base physiology." Twenty-six students submitted written comments. These responses were reviewed by the author and the Associate Dean for Curricular Affairs. A summary of the student comments was prepared (to further protect student confidentiality) and provided to the students along with the other survey results. This summary of comments is presented here below.
Overall, most of the comments were very positive. The most frequent statement was that students appreciated the interactive nature of the online instruction. Students also appreciated the side-by-side presentation of text and images as well as the embedded question-and-answer activity. Other positive comments from students were that they could learn at their own pace, they could stop and start the learning process whenever it was appropriate for them to do so, and they could choose to refer back to previous material or jump to review questions whenever it was best for the learning process. A number of students also felt that it took less time to learn the content with online instruction compared with the lecture hall or at least that the learning process was more "efficient" compared with lecture hall instruction.
Regarding their concerns, several students felt the clinical cases were too involved and needed to be streamlined. Constructive comments were made about improving the formatting, rearranging the locations of the touch buttons, and redesigning the use of pop-up windows, question-and-answer buttons, and menus. The inability to highlight and annotate the content was felt to be a disadvantage of this form of instruction.
By far the most important issue raised by students was the quality of instruction. A number of students expressed their appreciation that the online instruction in acid-base physiology was high quality and well prepared. Importantly, students also pointed out that any online instruction must be high quality to be effective. Without the professor present for immediate question-and-answer clarification, poorly prepared, poorly organized online instruction would be of limited value. Several students were not optimistic that online instruction could be widely implemented across the curriculum unless overall instructional quality improved significantly.
Finally, several students indicated that while online instruction can be highly effective and can be the primary form of instruction in many cases, it should not completely replace other modes of teaching. A variety of combined teaching formats were suggested. These included 1) online instruction, combined with case presentation in the simulation center; 2) initial presentation of clinical cases online, followed by a discussion of the case by an expert physician in the lecture hall; 3) online instruction, combined with a small-group or lecture hall question-and-answer session with the professor. Some students felt that given the complexity of the acid-base physiology subject matter, access to the professor in the lecture hall was important. A combination of lecture (to go over the more difficult concepts) and online instruction would be useful. Several students indicated that, regardless of the merits of online instruction and distance learning, meaningful contact between students and faculty members is valued.
DISCUSSION
Interactivity. Students cited interactivity as the most important positive feature of the online instruction in acid-base physiology. It is important that educators considering online teaching carefully understand the various types and levels of interactivity that are possible in multimedia education.
The most frequently cited classifications of multimedia interactivity are those originally defined in a Department of Defense Handbook (7). This guidance document defined four "levels of interactivity." Level 1 is passive learning, where the learner is only a receiver of information. Level 2 is defined as limited interactivity, where the learner responds to uncomplicated instructional cues in a simple, straightforward manner. Level 3 encompasses complex interactivity, where the learner responds to instructional cues with more involved sophistication. Often, the instructional program alters direction based upon the leaner response. Level 4 interactivity is real-time simulation with complex instructional cues and learner responses.
Currently, most online instruction in academic institutions is passive learning (level 1). This includes recorded videos of lectures (podcasts), PowerPoint presentations, instructional materials in the form of word processing documents or Adobe Acrobat .pdf files, and electronic textbooks. There is very limited opportunity for learner interactivity and control beyond "page turning."
For the implementation described here, most of the interactivity is classified as level 2, involving straightforward cues and responses. A wide variety of interactions were implemented that were available as features of the authoring software. These included identifying a region of interest on a graph, sequential display of information (usually graphically) under learner control, optional branching to and from separate screens for further information, and robust learner control of navigation throughout each module. Also, the authoring software allowed for a wide variety of interactive question-and-answer formats. These included true/false, identification of a relevant region of an image or graph, single-and multiple-answer multiple choice, drop-down list multiple choice, and free-form text entry. Considerable effort was made to provide extensive discussion and detailed feedback after each response from the learner.
Pedagogical principles in computer-assisted instruction. Over several decades, considerable academic study has been devoted to identifying the design principles that best contribute to effective multimedia instruction. For this project, the principles and guidelines developed by Mayer and co-workers were carefully considered (3, 5, 10, 13) . Several design recommendations were followed: 1) presentation of content on a single screen without the use of scrollbars for further information; 2) careful side-by-side arrangement of visuals with the associated descriptive text; 3) omission of extraneous text and visuals; 4) management of complexity by carefully dividing content into smaller sections; 5) extensive learner control of navigation, timing, and sequencing of the content; 6) extensive use of examples, followed by learner practice, followed by extensive feedback; and 7) use of interactivity to promote critical thinking.
Some multimedia design recommendations were deliberately not followed for this project. By far the most significant omissions were 1) not to include any audio presentation and 2) not to include any time-delayed appearance of information (where paragraphs of information appear sequentially at predetermined intervals). These decisions were made because we did not want to impose a throttle on the rate of delivery of information. This was particularly important for review and study for the examination. If a student wishes to review a specific content item shortly before an exam, it is important that the programming not impose any time delay on the student's ability to access the relevant information that he or she is seeking at that moment. Medical students are exceptional, rapid, high-level learners. Placing constraints on their ability to learn at their own pace should be avoided.
Active learning and interactive computer-assisted instruction. It is important to address to what extent interactive computerassisted instruction can be considered an active learning activity. The most general definition of active learning is any instructional method that engages students in the learning process (17) . It requires students to perform meaningful activities and to think about what they are doing. By this definition, the instruction described here is largely an active learning process. It requires learner engagement and learner responses to instructional cues throughout all the modules.
A more stringent view of active learning is to challenge the learner to think critically about the concepts and to use the concepts in problem-solving activities. Problem solving is not part of the learning modules, as the students have yet to learn the concepts. It is, however, the fundamental approach used in the clinical case modules. The students are actively challenged to relate clinical findings to the basic science concepts they are learning in respiratory, renal, and acid-base physiology.
This project does not directly address the medical school accreditation mandates of "self-assessment on learning needs" and "the independent identification, analysis, and synthesis of relevant information" (12) . In first-year acid-base physiology, it is difficult for students on their own to identify the inclusive and comprehensive set of learning objectives necessary to master the subject matter. Considerable faculty guidance is required. Instead, the approach implemented here is referred to, in multimedia instruction, as a process of "guided discovery" (5) .
Many implementations of active learning involve group study and collaborative learning. Here, a serious concern that was raised in the student survey was the students' great preference to study alone. Almost all students viewed the online instruction by themselves, with some group study. No student reported that group study or collaborative learning was their primary approach to learning. Furthermore, the students indicated that small-group discussion, a format often used for active learning instruction, would be their lowest preference for learning acid-base physiology. It appears that promoting collaborative learning behaviors with online instruction will require more proactive efforts by faculty members and educational leaders.
Student performance. The students were fully responsible for determining and scheduling, on their own, the study of these online instructional modules. The classroom lectures in acid-base physiology, scheduled ϳ1-1/2 wk before the examination, were cancelled. Those times were left free of other activities. A small percentage of students used that time to access the online instruction. Unfortunately, as the hit counters indicated (Fig. 3) , the majority of students delayed viewing the modules until a few days before the examination. It is also clear a significant number of students did not allocate sufficient time to view several of the clinical cases even once.
These behaviors suggested that students assumed the subject matter was such that it could be effectively memorized a few days before a scheduled examination. In reality, acid-base physiology is conceptually complex. It requires a student to allocate sufficient time to first learn the concepts, reflect on the concepts, and then apply the concepts in critical thinking, problem-solving activities. It is now clear that this computerassisted instruction project should be accompanied with discussions with the students about approaches to learning. These discussions should include 1) serious statements regarding the expectations of independent study in a medical education program and 2) a discussion of the conceptual complexity of the subject matter and the time required to master that complexity.
Because of the problematic approach to learning, it is difficult to compare examination scores for this computer-assisted instruction project with scores from previous years, where the content was presented in lecture, and well before the exam. Nonetheless, this year, the student exam scores for the three acid-base physiology learning modules were virtually the same as the scores for the respiratory and renal physiology content that was presented in classroom lecture. This equivalent performance was consistent with the examination scores seen in previous years. Exam scores for the clinical cases were substantially lower, and, as noted above, it was clear that many students did not study the clinical cases at all. It will be difficult to establish the intrinsic value of this computer-assisted instruction until the study skills exhibited by the students are first addressed and improved.
Considerations for further development. Further implementation of effective interactive computer-assisted instruction will require some changes in an instructor's approach to teaching. Also, academic administrations will need to examine how instructional effort is measured.
The major pedagogical change for the instructor will be to decide how to present content interactively from beginning to end. This is a typical feature of small-group discussion teaching. However, in computer-assisted instruction, the interactivity is not spontaneous but preprogrammed. Before the instruction, the instructor must predetermine a step-by-step set of interactions that will occur between the learner and the content, in a way that will be suitable for most students. To do this effectively, it is important that the instructors familiarize themselves with the classifications of interactivity and the principles of effective multimedia design, as noted above.
Also, the instructor should be familiar with the authoring systems for computer-assisted instruction. For this project, a menu-driven, graphical interface authoring system was used, which required no line-by-line programming. As a result, the entire implementation was carried out by the author, using a standard Windows-PC desktop system, and no programming assistance was required. The author found that the implementation process was dominated, from start to finish, by constant decisions and trade-offs regarding how the presentation should be designed versus what the authoring software allowed. These decisions would be more difficult if the content was understood only by the instructor and the authoring software was understood only by the programmer. For example, a recent report (6) described a multimedia development project for electrolyte and acid-base physiology using a multidisciplinary team of developers. The authors reported that the programming effort was challenged by a shortage of skilled programmers, budgetary constraints, and communication difficulties between authors and programmers. It is better that the instructor understand the software, so that the final product captures the full range of features within the software that are appropriate for the instructional project.
The written comments of the students conveyed two serious expectations regarding the further implementation of online instruction. First, the online instruction must be high quality. Students indicated that poorly prepared online instruction would be difficult to use effectively, as this form of instruction removes immediate access to the professor for clarification and further explanation. Second, several students indicated the online instruction should be combined with complimentary activities that involve direct contact with faculty members. For acid-base physiology, these activities could include questionand-answer sessions with faculty members, introductory presentations of the content by faculty members, and further presentations of clinical relevance by expert clinicians.
Finally, changes in the measurement of instructional effort must be examined. In most academic institutions, an important measure of teaching activity is hours of scheduled instruction. This information is used extensively for faculty promotion, departmental resource allocation, external review of institutional performance, and as a measure of educational progress in student records. In this project, the three learning modules replaced three scheduled hours of instruction, which allowed for some measure of equivalence. However, with greater implementation of interactive, self-paced computer-assisted instruction, the ability to equate online instructional activity with previously scheduled hours of instruction will soon be lost. Instead of hours of instruction, institutional measurements of instructional effort will require greater emphasis on an analysis of breadth of subject matter, appropriateness of subject matter, quality of instruction, and identification of active learning versus passive learning activities.
